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Hersam Group Research Overview

Overall goal: Explore the interface between materials
science and chemistry down to the single molecule level

* Observe binding and
conformation on surfaces

* Study electrical, mechanical,
optical, and chemical properties

» Control surface reactivity with
atomic precision

—> Structure — Properties = Processing =




Hersam Group AFM Research

Microscopy Research and Technique, 64, 415 (2004).

Materials Biology Devices
DNA Molecules Nanopatterning

Catalytic Oxides

Nanocomposites

400 nm

Pitch ~12 nm

UHV STM Instrumentation Development

Review of Scientific Instruments, 75, 5280 (2004).

Cryogenic variable temperature
ultra-high vacuum scanning
tunneling microscope

Ultra-high vacuum chamber
and nitrogen glove box

Pressure: 101! Torr
(Temperature: 8 K- 300 K) (Pressu ™




Hersam Group UHV STM Research

Applied Physics Letters, 85, 2619 (2004); Chemical Physics, 326, 144 (2006).

Silicon-based 1-D heteromolecular Free radical chemistry
molecular electronics nanostructures on Si(111)-7x7

Current-driven molecular motion Current-driven molecular desorption

Hersam Group Carbon Nanotube Research
Nano Letters, 3, 1549 (2003); Langmuir, 21, 4705 (2005); Nano Letters, 5, 713 (2005)
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Classes of Carbon Nanotubes
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Definition of SWNT chirality: (n,m)

Single-walled Carbon Nanotubes (SWNTys)

Desirable attributes of SWNTSs:

* Nearly ideal 1-D materials

* Outstanding electrical, optical,
thermal, and mechanical properties

* Can be biofunctionalized

Critical problem for SWNT technology:
* Polydispersity of structure/properties
(~1/3 metaIIic ~2/3 sem conductlng)

Gate Eloctrode




Electrical Properties of Graphite

Ihe Electrical Behavior of Nanotubes

A Split Personality
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Metal Semiconductor

ELECTRICAL PROPERTIES of a material depend on the separation between the collection of energy
states that are filled by electrons (red and the additional ‘conduction” states that are empty and avail-
able for electrons to hop into (fight blug. Metals conduct electricity easily because there are so many
electrons with easy access to adjacent conduction states. In semiconductors, electrons need an ener-
gy boost from light or an electrical field to jump the gap to the first available conduction state.The
form of carbon known as graphite is a semimetal that just barely conducts, because without these ex-
ternal boosts, only a few electrons can access the narrow path to a conduction state.

P. G. Collins and Ph. Avouris, Scientific American, 283, 62 (2000).

Electrical Properties of SWNTSs

Metallic
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TWISTED MANOTUBES, cut at an angle from graphiteleft), look a bit like barbershop poles tenter).The 4 !. .

slices of allowed energy states for electrons fight) are similarly cut at an angle, with the result that ’

about two thirds of twisted tubes miss the Fermi point and are semiconductors. /
Semiconducting

P. G. Collins and Ph. Avouris, Scientific American, 283, 62 (2000).




Bandgap of Semiconducting SWNTs
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FIGURE 15. Curent-vollage [ vx. V' traces taken with scanning lunnaling spec-
troscopy (STS) on individual nanctubes of various dlameters: (1) d,=8.7 nm

(2) d;=4.0 nm, and (3} d, = 1.7 nm. The lop inset shows the conductance vs, voltage
plot for data taken on the 1.7 nm nanciube. The boftom inse! shows an I-V trace taken
on a gold surface under the same conditions|145]

G. Timp, Nanotechnology, Chapter 7

»

Nanotube Polydispersity

Many chiralities are produced

during current methods of SWNT

synthesis.

Chirality (twist and diameter)
determine electronic and optical

properties.
Bulk quantities of carbon
nanotubes pure in one chirality
would likely enable:
» SWNT optical amplifiers
» SWNT thin film transistors
» SWNT transparent conductors
» SWNT multi-analyte biosensors

Diameter




Conventional Centrifugation of SWNTs

Nano Letters, 3, 1549 (2003).

¢ Raw SWNTSs are suspended in .ol 75 min centrifugation
an amphiphilic surfactant (e.g.,
sodium dodecyl sulfate, DNA,
sodium cholate, etc.) in heavy
water by horn ultrasonication.

08

« Aggregations of nanotubes are
removed by centrifugation.

Mo centrifugation

Normalized Absorbance (@ 400 nm)

1 1 1 | |
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Wavelength (nm)

The nanotube optical absorbance and
fluorescence spectra become sharper as
bundles are removed by centrifugation.

Conventional Centrifugation Removes
Bundles but Polydispersity Remains

L i b i 1 L 1
1M.J. O’Connell et al.,
Science 297, 2002.
Yo e
A ® 23, Bachilo et al.,

Science 298, 2002.

3 A. Hagen et al., Nano

Excitation wavelength (nm) [v,— c, ransition] 3

Lett. 3, 2003.
4J-S. Lauret et al., PRL
90, 2003.
900 1000 1100 1200 1300 1400 1500
Emission wavelength (nm) [c,—v, transition]
Each peak in the PL spectrum A clear need exists for sorting

represents a different =) S\WNTS by their physical and
SWNT chirality. electronic structure
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Previous Strategies for Sorting SWNTs

F Metallic-semiconducting isolation

¢ Dielectrophoresis! (electrical)

+ Chemical reactivity?23 (chemical)

+ Anion exchange® (charge)

+ Controlled electrical breakdown* (electrical)
£ Diameter sensitivity

+ Anion exchange® (charge)

1 R. Krupke et al. Science 301, 2003
2 M. S. Strano et al. Science 301, 2003,

3G. G. Samsonidze, Appl. Phys. Lett. 85, 2004,
4 P.G. Collins, M.S. Arnold, P. Avoliris, Science, 2001,
> M. Zheng et al. Nature Mater. 2, 2003.




Desired Attributes of a SWNT
Purification Process

E Scalable

® Compatible with SWNTs of all
lengths and diameters

® Utilizes non-covalent/reversible
functionalization

E Iteratively repeatable
= Economical

We found that none of the pre-existing purification
strategies sufficiently met all of these criteria.

SWNT Density as a Function of Diameter

Nano Letters, 5, 713 (2005).

Without external
functionalization/hydration: i
4p,
Pyvr =
‘\t‘ et
. 4 o .
Including external ; $ D 4
functionalization/hydration: 1 5 K
- ."\
‘D Y\ D?|
p,tD+p m [ 3 +1 J - Pext -
Prr = ‘DY Py
m| o+

For small diameters, SWNT density was expected to vary
by < 1% between adjacent SWNT diameters.




Separation in Density Gradients

Nano Letters, 5, 713 (2005).

__time
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18
G pl
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G >
v = particle velocity — 3

d = particle size
1 = viscosity

g = centrifugal force

A preformed density gradient is used,
and particles move towards

equilibrium, where their density
matches that of the local density of
the gradient.

r = density

Density Gradient Media

Nano Letters, 5, 713 (2005).

Table 8.1. Buoyant density (g/ml ') of macromolecules in density gradient media

Macromolecule CsCl Cs,S0, Metrizamide Nycodenz® lodixanel
Native DNA 1.71 1.43 1.12 1.13 112
Denatured DNA 1.73 1.45 1.14 117 .16
RNA >19 1.64 1.17 1.18 .18
Polysaccharides 1.62 1.28 1.29
Proteins 1.3 1.3 1.27 1.27 1.26
Proteoglycans 1.46
P
Data from Ford and Rickwood (1983}, Rickwoed (1992) and Rickwood and Patel {1996).
CH, CH,

C‘HJOH | co ‘OH co | THIOH

CHCH,NHCO NCH,CHCH,N CONHCchlH

‘OH OH

I | I
CONHCHIC‘HCHIOH CONHCH,CHCH,0H

OH OH




DNA-Wrapped Carbon Nanotubes

> Single-stranded DNA
1 mg ssDNA: 1 mg NT: 1 mL 0.1 M NaCl -- ultrasonicate
< Sequences 20-60 bases long, rich in G,C, and T work best
= We use GT

Figure and method from M. Zheng et al. Nature Materials 2003.

Imaging DNA-Wrapped SWNTs

Ambient AFM of ssDNA-NT on Si(111)-1x1:H UHV STM of ssDNA-NT on Si(100)-2x1:H

Ny~

Pitch ~12 nm Pitch ~12 nm

* Scanning probe microscopy images are consistent with
the proposed helical wrapping of DNA around the SWNT.




Density Gradient Centrifugation

Nano Letters, 5, 713 (2005).

Centrifugation at 174,000 g
(64,000 rpm) for 10.5 hours.
Density gradient formed using
iodixanol and heavy water.
DNA-wrapped nanotubes are
stable in iodixinol.

Initially, the SWNTSs separate by
sedimentation velocity.

Then, as they approach their
isopycnic point, they separate by
density.

The density gradient becomes
steeper with time.
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Resulting Separation

Nano Letters, 5, 713 (2005).

After 10.5 hours, the NTs have
separated into three regions (i-iii).
(i) Colored bands — isolated, fully
functionalized nanotubes separated
by physical and electronic structure
(1.11-1.17 gcm)

(ii) Grey colorless region — bundled
or partially functionalized
nanotubes / no separation by
structure observed (> 1.17 g cm-3)
(iii) Pellet — large aggregates and
insoluble material




Fractionation

Nano Letters, 5, 713 (2005).

Beckman
Conical Cap

Centrifuge
tube

Resulting Fractions

Nano Letters, 5, 713 (2005).

Increasing density
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No Length Dependence

Nano Letters, 5, 713 (2005).
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Similar length distributions
were observed throughout
regions i and ii (the colored
bands and the grey region)
of the density gradient.

Optical Characterization

Nano Letters, 5, 713 (2005).

¢ The concentration of
smaller diameter
nanotubes is enhanced at
smaller densities.

« Likewise, the
concentration of
nanotubes larger in
diameter is enhanced at
larger densities.

Increasing diameter =——p-

Absorbance {1/em)

Increasing density =




Quantification of Separation by Diameter
Nano Letters, 5, 713 (2005).
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« Separation is most efficient for small SWNT diameters

Separation in a Shallow Gradient
Nano Letters, 5, 713 (2005).

—— Most buoyant nanotubes ~ (8, 5)
- No separation

o
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Spectra before (dotted blue line) and after (solid red line) selecting for COMoCAT-
grown SWNTs 7.6 A in diameter using density gradient centrifugation.




Desired Attributes of a SWNT

Purification Process

How does density gradient centrifugation of
DNA/SWNTSs stand up to our criteria?

Scalable (YES)

Compatible with SWNTs of all
lengths (YES) and diameters (NO)

Utilizes non-covalent (YES) /
reversible (NO) functionalization

Iteratively repeatable (NO)
Economical (NO)

Outline

» Hersam research group overview and motivation

* Density gradient centrifugation of DNA encapsulated SWNTs

* Density gradient centrifugation of surfactant encapsulated SWNTSs

* Applications and scalability




Surfactants
Nature Nanotechnology, 1, 60 (2006).

o| Bile salts

o M| Traditional
A0

o X head-to-tail
surfactants

(A) Sodium deoxycholate (B) sodium taurodeoxycholate (C) sodium cholate
(D) sodium dodecylbenzene sulfonate (SDDBS) (E) sodium dodecyl sulfate (SDS)

Q_’%oﬂ
w-ﬁ' ?

Dispersion and density gradient centrifugation of sodium cholate
encapsulated SWNTs of various diameters

> Sl

Sodium Cholate versus DNA

Nature Nanotechnology, 1, 60 (2006).

Single-stranded DNA

Sodium cholate

©$0.62/g -—====mm-—————— « $2242.80/g
(100 g scale) (largest offered, 150 mg scale)
* Reversible encapsulatation ———————— s [rreversible Wrapping?
 Can solubilize nanotubes » Most efficiently wraps SWNTs

of various diameters near 0.7-1.0 nm in diameter




Density Gradient Centrifugation
with Sodium Cholate

Density
4—

Initial material and isolated of the purple layer
(dominated by the (6, 5) chirality)

Sodium cholate encapsulated SWNTSs after
density gradient centrifugation

Resulting Fractions
Nature Nanotechnology, 1, 60 (2006).

A wide range of optically pure SWNT samples can be
produced in one density gradient centrifugation step

(Raw material = HIPCO SWNTS)




Multiple Iterations of Purification
Nature Nanotechnology, 1, 60 (2006).

E Remove a fraction (in
which the concentration of
the target chirality is
maximized)

¥ Re-runitin a 2" gradient
F Repeat
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Excitation wavelength (nm)

9200

Photoluminescence intensity (A.U.)
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Excitation wavelengih (nm)
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> 97% within 0.02 nm of mean diameter |

Photoluminescence intensity (A.U.)

Chirality Diameﬁpﬁ\i Initial {6, 5) purf.

{6, 5) 157 4541% 83.64%

9.1 157 1.92% 23008

(8 3) 782 11.46% 11049

06 9,2) 8.05 1.00% 0.04%

(7. 5) 8.28 23.01% 0.66%

| s (8,4) 5.40 5.02% 1.48%
L - (10, 2) 5.84 1.78% 0.61%
| (7. 6) 5.94 4.34% 0.08%
03 (9, 4) 9.15 2.55% 0.00%!

(8. 6) 9.65 2.33% 0.00%

(9, 5) 9.75 0.32% 0.03%

(8, 7) 10.32 0.86% 0.04%

1000 1050 1100 1150 1200 1250
Emission wavelength (nm})

Mean = 0.76 nm




Photoluminescence intensity (A.U.)
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Excitation wanelength (nm)
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Diameter Tunability with Co-Surfactants

Nature Nanotechnology, 1, 60 (2006).

Photolumnescence intensity (AU )

3 parts sodium dodecy! sulfate,
7 parts sodium cholate

§

1
Smaller n
diameters i

E o
;
Larger §

* diameters

Photoluminescence intensity (A1)

a i

Purification of Large Diameter SWNTSs

Nature Nanotechnology, 1, 60 (2006).

¥ CoMoCAT-grown and
HIPCO-grown SWNTSs (7-
11 A) are possibly too
small for electronics (large
Schottky barrier).

E Can we separate tubes in
the 11-16 A range (laser- n#

ablation)?

Sodium cholate encapsulated
SWNTSs grown by the laser
ablation method after separation
in a density gradient




Purification by Diameter and Electronic Type

Nature Nanotechnology, 1, 60 (2006).

E'}.A‘: E] 'm Egj\,

0.08

0.06

Absorbance (1/em)

0.04

0.02

0.00
400 600 800 1000 1200
Wavelength (nm)

Electronic Type Sensitivity with Co-Surfactants
Nature Nanotechnology, 1, 60 (2006).
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one electronic-type




Metal versus Semiconductor Separation
Nature Nanotechnology, 1, 60 (2006).

’ Metallic enrichment Semiconducting enrichment
(Sbs:sC > 1) (SDS:sC<1)
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Desired Attributes of a SWNT

Purification Process

How does density gradient centrifugation of
surfactant/SWNTSs stand up to our criteria?

Scalable (YES)

Compatible with SWNTs of all
lengths (YES) and diameters (YES)

Utilizes non-covalent (YES) /
reversible (YES) functionalization

Iteratively repeatable (YES)
Economical (YES)

Outline

» Hersam research group overview and motivation

* Density gradient centrifugation of DNA encapsulated SWNTs

* Density gradient centrifugation of surfactant encapsulated SWNTs

* Applications and scalability
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Possible Applications for Purified SWNT's

® Flexible, transparent logic
using films of pure
semiconducting SWNTs

® Flexible, transparent
conductors using films of

i pure metallic SWNTs

“d ® Multi-analyte optical /

electronic biosensors

® Controlled conductivity
films for cell growth

Field Effect Transistors from SWNT Films

Nature Nanotechnology, 1, 60 (2006).

Field Effect Transistor (FET):

Source




Metal versus Semiconductor FETs

Nature Nanotechnology, 1, 60 (2006).

- [ T T ! ]
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Semiconducting SWNT films: p > 20 cm?/V-sec

Transparent Conductors from Purified
Metallic SWNT Films

High optical transparency in
the visible and the infrared

'

Nanomaterials

Nanolithography

Nanomaterials

Sheet resistance decreases by ~10x when using metal
SWNTs sorted via density gradient centrifugation




Diameter Sorting Enables Metallic SWNT
Films with Tunable Optical Absorption

Increasing metal
SWNT diameter

Increasing metal

://\ /\ ] /\ SWNT diameter .I
1ANEITTZanA
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400 500 600 700 800 900
Wavelength (nm)

In addition, > 95 % transparency in the IR (2-2.6 pm)
for sheet resistance < 100 ohms/square.

Multi-analyte Optical Biosensors from
Purified Semiconducting SWNTs

A B = c
—= DNA-NT in D,0 f‘ 0.85 - J987.2 nm
=140 Z"L —— DNA-NT in MeOH 'I = o 5090~ . Sm 11/\
; === SDS-NT in D,0 /| o )
'S r - Z 080 6455¢ =
gorms g Zo6sf
& E F - e
£ £orsf £
Z 050 z Z
; - r - .60
2 x \ 2070 2
F 0251 b Y 3 r .
E . £ 055 5
z E - < F
000 ket oy v by vy gty gl Y AN R e
500 750 1000 1250 630 640 650 660 670 680 950 960 970 980 990 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Environment Static relative
Solution E,, red-shift | E,, red-shift dielectric
constant
SDS-NT in D,O 0 meV 0 meV
Dodecane (C,H,) 2.0
DNA-NT in methanol 13.1 meV 17.4 meVv
Methanol 33
DNA-NT in D,0 17.8 meV 19.4 meV
Heavy water 80

* Red-shift observed with increasing external dielectric constant.
* Suggests possibility for optically based biosensors using SWNTSs.




Cardiomyocytes on SWNT Thin Films

Collaboration with Prof. Stupp (NU Medical School)

Cardiomyocytes on carbon nanotube thin film after 7 days

Scalability: Continuous Flow Rotors

Figure 1. Cross section of a continuous flow rotor

Channelleadngto 2B Rutor Gacket
cenil




Scalability: Large Volume Centrifuges

* Used for
industrial scale
isolation of
viruses in
sucrose density
gradients

4
Sorvall CC 40 (100 Liters) Sorvall TCF-32 (15 Liters)

Commercialization: NanolIntegris

http://www.nanointegris.com/

Nan=3§:=1u LEgr1ls

* Start-up company founded in February, 2007.

* Nanolntegris is the world’s only supplier of SWNTSs of uniform
diameter and/or electronic type.

* Product line is called IsoNanotubes™:

Product Description
IsoNanotubes-M Metallic SWNTs
IsoNanotubes-S Semiconducting SWNTSs
IsoNanotubes-D Uniform Diameter SWNTS




Summary

» Hersam research group overview and motivation
* Density gradient centrifugation of DNA encapsulated SWNTs

* Density gradient centrifugation of surfactant encapsulated SWNTs

* Applications and scalability
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